
AD A107 371 AIR FORCE GEOPHY SICS LAS HANSCOM" AFR MA F/6 20/11
LIMIT ING PAYLOAD DECELERATION DURING AROUND IMPACT(U)

l9R1 A MIRONER, R URGUHART , R WALTERS
INCASS F'ED AFGL-TR-81-032 NL



H1125 1.H4 II.



4.EPR DOCTLETATIO PAGEt~e S.TP FRPRAPRO OEE

9. PERFORMING. GOVTZ O ACCESIO AND ADDES EI PIET PROG AMO LM NT. ROE.4TAS

TITLE and S~~jtj)S. AREA OF WEOR NT NUBERS OEE

A i n Forcea Ge ph s c Labraton r ICR Grou d-I pac R EP IN

'~ II. CONTOLLING OFFIE NAME ANDADDRESSREP.REPORTMDAT

9. DISTRINTIORNIST ATEN (oME t AND R ADoRt) 0 RGA LMETRJC.TS

11. SUPPRLENTAR OES NA A ca yDD temS EnierigC. uRligtn MAT
AiAA Pape Nohy1-1918,bprentat AIM 7t Aeodn iveletr 19Baloo

14. KEYITORING (GCYniueo NAEvee Aid ADR if c. diff ent f by~r n bOfckbe) I.SCRT LS.(fti eot

Payloa DesignFIAIODWNGADN

20. A BST R AB UT IO SC AT MNT (,r v .o lf th e a a e r e i n t f B y lock I di f nrm e ort)F

AA ThsPaper considers9the problne ofltin 7thAeroyai decelerato balloonoan

decenlrationene-dSiatn roces is anlye and2 simpler focead8neg

19 baaE WRelaCotiou nhipseae deelesayd Tenf perticknumeteutonrr)ranzdI
foimithat Iseclroniefrcmue optto.Toeapepolmoeo

Sounding-Rocket Payloadsadteohro alo ala r acltdadt

U- reelerts esenerd I thefo oeerformanle an sipl focndeeg

49CURITY CLASSfICATION OF TitUs PAGIE (Uk..wi Date 90r. 6l'60zJC6 e(



AFGL-TR-81 0320L

AAM
AIAA-81-1918

.4 Limiting Payload Deceleration
I- kwDuring Ground Impact
A. Mironer and R. Urquhart,
Analytical Systems Engineering
Corp., Burlington, MA; and
R. Walters, Air Force Geophysics
Lab., Hanscom AFB, MA

NT 7 .
r7.

Juzti: I. _-__..

'Avi , j'or -M-- D"s n Sp" il lu[,o

AIAA 7th Aerodynamic
Decelerator and Balloon 0_
Technology Conference

October 21-23, 1981/San Diego, California
For permission to coy or republish, contact the American institute o Arofnoutlcs and Astronautics 1290 Avenue of the Americas. Nw York, NY 10104

The US. Govenme lo is led to sepom e d e1 Ub rs o rt.
Pewpeem for fuow r mprodmatn by ot m -t be " n from

fj 11 12 050



LIMITINC PAYLOAD DECELERATION DURING GROUND IMPACT

Alan Mironer* and Robert Urquhart**
Analvtical Systcms Engineering Corporation, Burl ington, MA

and
Roy Wal ters***

Air Force Geophysics Laboratory. lanscom AFB. MA

Abstract to the base of the payload which limit the maximum
deceleration during ground impact to a prescribed

This paper considers the problem of limiting level.
the deceleration of balloon and sounding-rocket
instrument payloads during ground impact by adding Mechanical Behavior of the (;round
energ-dissipating, deformable structures. The
basic phvsics of the two-step deceleration/energy- The mechanical behavior of the ground during
dissipation process is analyzed and simple force compression is assumed to be that of a linear-
and energy-balance relationships are developed, elastic or Iooke material and can be characterized
The pertinent equations are organized in a form by a coefficient called the subgrade modulus, K
that is conducive for computer computation. Two which has units, lbf per square inch per inchA. sg
example problems, one of a sounding-rocket payload The ground develops a resisting force to a body
and the other of a balloon payload are calculated of cross-sectional area, A, which is linearlv pro-
and the results presented in the form of a portional to the depression of thL ground cause d
performance map. by the body,

g

Nomenclature F = K A,' (1)
sg g

A crushpad cross-sect ional area
cp The equation of motion of the body of mass m

A payload crou. -sectional area during impact neglecting gravitv, is
p,

ama x  maximum payload deceleration d'

F dimensionless crush force, defined in F = -K A6 = m
cr equation (12) sg g dr"

I honeycomb crush strength
cr where tie negative sign shows that tie force rtsists

F dimensionless ground force, defined in the motion. So I ut ion of the differential equat ion
sR equation (13) results in a quarter-sine-wave deceleration 't Se

g acceleration due to gravity of duration 7/2i-imK-- A and maximim decelerationsg
K subgrade modulus of ground V _ ggA/m where V is the impact velocity at t =i.

11 dimensionless depth of ground depression sg

tinder payload
dimensionless depth of ground depression The kinetic energy of the payload, 1/2 mV,

under crushpads is dissipated by doiing work in deforming the ground.
; undeformed length of crushpads The energy absorbed by the ground, .',E, is

i payload mass K A 6 (2)
V payload velocity at ground level AE=jg Fdy = Ks -

dimensionless kinetic energy, defined
in equation (17) Effect of Payload ImpactArt-a on Deccvyration

p deformation of crushpadcp

6 depth of ground depression tinder crushpad Consider two payloads having tie same mass
d and impact velocity but different-size impact areas.
dpe pth of ground depression under payload What is th, effect of impact area on the maximum

dimensionless deformation of crushpad deceleration if both payloads impact ground having
the same subgrade modulus? From equation (1),

Introduct Ion

The increase in cost and sophistication of .. . - 1 FI = l (3)
balloon and sounding-rocket instrument payloads a x A,
makes it Imperative that thev be recovered 2'

undamaged. The payload descends to the earth bv
parachute, but limitations in parachute size The ground must dissipate the same kinetic energy
result in the payload impacting the ground with a for both payloads, neglecting the small gravita-
substantial velocity. This paper considers the use tional potential energy change undergone by the
of energy-absorbing, deformable structures attached payload in depressing the ground. Then, from

____________________equation (2)
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Fl iminat ing the ratIo of depressions between equa-
rions (3) and (4) gives,

a max A PAYLOA ApGROUND

() P AD .0 SURFACE

a~max, f

777-" 7, 7 7I/ ////I
Equation (5) shows the important result tihat Pr

during impact the smaller impact-area body exper-
iences a smaller maximum deceleration. This result l

will be exploited to limit the deceleration of the CRUSH -S,
payload during impact. Of course, the smallor im-

pact area body must cause a deeper depression in
the ground in dissipating the same energy as the
larger impact-area body. S.P

Potential Energy Chine of Pavload During Impact . I-- ---

When the potential energy change of the payload
is included the energy balance becomes

Fig. 1 Impact geometry.

K A, 2 - mV 2 + g is the undeformed length of the crushpad,
2 sgg 2 cp

is the depth of ground depression caused b%- the pay-

The maximum decelerating force is load, 6 is the depth of ground depression under the
crushpad, and 6 is the crushpad deformation. TheF = K A,6 -ma cp

max sg g max various lengths may be nondimensionalized with re-
spect to 2cpI

Thus,

a K A 2 ,L =( , and

(max = I + 1 + _ ,pp
rmg There are two situations which must be analyzed

Ene y'-ab~sorb4 rushpads separately:!IL _vab_o rb~j n_ a z Cr_ _h _

1. The base of the payload does not impact the
The maximum deceleration can be limited by ground, L = 0. The ground under the crush-

adding energy-absorbing crushpads. The crushpad pad deforms and the crush pad may deform,
material is hexagonal cell, multicolumnar honeycomb but the combined deformation is less than

which dissipates energy by plastic deformation the undeformed length of the crushpad.
parallel to the cell axes. The energy absorbing th+ I l .

property of the honeycomb is characterized 
by a

coefficient called the crush strength, fcr' which 2. The base of the payload impacts and deforms
has units of lbf per square inch. The honeycomb the ground, I. 1 0. The payload is assumed
offers a constant resisting force to compression rigid during the impact. The crushpad ma
of deform and is completely buried. The

lengths are related by
F-=f a (7)

c 1 + . - 1 (9)
where A is the cross-sectional area of the honey-

cp We will analyze the two situations in the next

comb crushpad. The honeycomb crushpad absorbs two sections and determine the matching conditions
energy, between them.

E = fcrAcp6cp (8) 1. Payload does not contact _,ground,L=O, _+_'l

when crushed a distance 6 . It is assumed that Consider the behavior of a crushpad which im-cp
the crushpad is always long enough so that is does pacts the ground. Initially, the ground deforms

not "bottom out" and become nearly rigid, until its compressive stress reaches the crushpad
strength, f . Then the ground does not deform anycr

Maximum Deceleration of Payload farther, and the crushpad begins to deform with a
constant decelerating forte. Physically, the ground

The ideas and equations just developed may he and crushpad are in series.
used to predict the maximum deceleration of a pay-
load with honeycomb crushpads attached to Its base Let us develop the appropriate equations des-
during impact with the ground. Consider Fig. I in cribing this two-phase energy-dissipation process.
which the base of the payload impacts the ground. The ground deforms a distance 6 and develops a

maximum resisting force, F ma, whch is limited by
the crushpad strength,

2



F = K A 6 f A = ma (10) Equation (18) may be used to determine the
max sg cp g crcp max value of K below which a given crush-strength

sg
The crushpad limits the deceleration to crushpad does not deform, limiting case 1. The

crushpad acts as a rigid protuberance, and the only
Ia~I A j K A 2 energy dissipation is caused by the deformation ofcr cp = - ( ') the ground under it. Introducing equation (15) in

rng mg equation (18) and setting 0 gives

It is convenient to introduce two dimensionless 11/2 Fc-1 f
forces: K T c 1crsg T (19)

Dimensionless crush force, cp

. If crA n In limiting case ii, the subgrade modulus has
c f_.g|c ) (12) a very large value but is not infinite, and the

deformation of the ground is very small but not
Dimensionless ground force, zero; equation (14) must still be satisfied. The

crushpad deformation is obtained from equation (18)

K5  A k by introducing equation (15) and letting k - 0,
Fag sg cp cp I (13)

mg T
gF -1 (20)

crEquation (11) becomes
Case ii results in the maximum possible crushpad

samaxg= F = Fs 
(14) deformation.

9f cr sg
2. Payload contacts the ground, L>O, X = 1 + L - .

The depth of penetration into the ground is
The maximum decelerating force for this situation is

f F
c r =cr (15) F = f A + K (Api - Acp) 6p 

=  
max6g K F r - max cr cp sg piac

sg sg

or
The energy absorbed by the ground is

1/2 K A 62. The crushpad deforms a length 5
sg cp g cp

and absorbs energy, fc A 6 . The sum of these (a max' A k
cr cp cp =F + Fs _ -] L (21)

two energies is equal to the payload kinetic energy, 9 cr g cp
1/2 m V, and potential energy change, 8g$ cp)*Fg(. % l

11 _ , a d p t n t a n r y c a g,'g( 6 9 + 6 l T h e fo r c e a c t in g o n th e c r u sh p a d s is

The energy balance is f A = K A 6
crcp sg cp g

S 2 
+ f crA 6 =1/2 mV 2 + mg(6g + 6cp)(16) or

A dimensionless kinetic energy T, may be defined F = F g (22)cr sg(V2gc (17) The energy balance is

2+ 112 K (A -A6 2 )62 +fc A 6 =

The energy balance, equation (16), becomes in sg cg p cp p

dimensionless form, 1/2 mV.
2 
+ mg ( Zcp + 6 p (23)

2 + F A = T + k + X (18)

1/2 F cr Equation (23) becomes in dimensionless form

There are two limiting cases: 1/ (sk _2.1 1+FX-T+L+1(41/2 Fg j 22 + I- l + F I, = T + L + 1(4

sg (Z2 ,i I' cr
i. The crush strength of the honeycomb is so k cp c

high that the ground does not develop a
sufficient force to deform it, X = 0; all There are also two limiting cases for this situation:
the energy is removed by deformation of
the ground. i. The payload just contacts the ground, L-0.

ii. The ground has such a high subgrade modu- ii. The crushpads do not deform, X = 0. The
lus that it deforms only infinitesimally crushpads act as rigid protuberances.
before the crush strength of the honey-
comb is reached, k - 0; all the energy Equation (24) may be used to determine the value
is removed by deformation of the honey- of K above which the payload does not contact the
comb, groun, limiting case i. This is the value of Ksg

3



at which situation I and situation 2 must match, deceleration af the payload during impact with the
Setting 1-0 in equation (24) and calling this value ground, (a max/g), as a function of the subgrade
of K , K

sg sg modulus, Ksg, for various crush-strength (fcr)

f crushpads. The results are presented in Fig. 2 in

K - (25) in the form of a crushpad performance map.
sg 2(Fcr - T-) I p QFirst, let us consider some limiting cases and

The denominator of equation (25) must be posi- envelopes. Equation (6) can be used to calculate
thve. enintor denomeaton (2l st e ad the maximum deceleration of the payload without

tie. Setting the denominator equal to zero andFig. 2.
solving for f results in the value of crush sp.cr

strength, below which the payload contacts the The limiting case of rigid crushpads ( =0) is
ground, regardless of the value 'f K sg. For crush calculated in two parts which must match at the

strengths greater than this value, the payload may value of Ksg given by equation (29). Substituting
or may not contact the ground, depending on the _ numerical values into equation (29) gives
value of K . Call this value of crush strength f Kg = 49.8 psi/in. For values of K less than

ag cr Kg=I

this value (L > 0) equation (27) is solved for L

f ( + 1(26) and used in equation (28) to find the corresponding
cr A (a /g). For values of K. greater than K* (L=0)

cp max sg sg9
equation (18) is solved for I which is substituted

Limiting case ii is obtained by setting \ = 0 into equation (14) to find the maximum deceleration.

G = L + 1) in equation (24), A rigid crushpad lowers the maximum deceleration
compared with that of no crushpad because of the

A1 F 21 L+ L T+L+1 (7 area effect discussed previously.
1/2 Fs 1 + 2L + LI = T + L + 1 (27)

cp, The envelope of (amax/g) vs K., for the pay-

load just contacting the ground (L=O) when crush-
and solving for L. The maximum deceleration is ob- pad deformation is present ( 0) is obtained by
tained by substituting equation (22) into equation substituting equation (15) and = 1 - into
(21) equation (18) resulting in

a IA12 Fs (2Z - 12 T + 1 (1

ma Fg A ! L
1  

(28)F I cp Equation (31) is solved for Z for values of K

Setting L = 0 in equation (27) gives the maxi- greater than K sg. The corresponding maximum de-

mum K at which the payload contacts the ground, celeration is obtained from equation (14). This
, sg envelope is shown in Fig. 2.
K
sg

Now, let us calculate the maximum deceleration
of various crush-strength crushpads as a function

K* = 2 fT + 1) g (29) of subgrade modulus. We must firt determine the
csg Acp cp value of the subgrade modulus, K* , for the specific

crush strength of the crushpad below which the
This is the value of K at which limiting case sg crushpad acts as a rigid protuberance, = 0. There

of situation 1 must match limiting case ii of situa- are two possibilities: The payload is not in con-

tion 2. tact with the ground (case i of situation 1) or the
payload contacts the ground (case ii of situation 2).

The crush strength corresponding to Ks f if f > f* the payload does not contact the ground
Ssg cr' cr cr **

is the crush strength above which the crushpads (L = 0) and it is situation 1. K is given by
act as rigid protuberances when the payload is in if f <f fsequaion 19).If f < f the payload contacts
contact with the ground, * is calculated by set- cr cr

tncr the ground (L > 0) and it is situation 2. To cal-
ting X-0 and L=O, giving 1=i. Then, culate the appropriate K for situation 2, use

f c= Z K = 27 (30) equation (22) in the formcr cp sg cr

F = F (I + L) (32)
Example 1, Sounding-rocket payload 

cr sg

Consider a soundIng rocket payload 38 inches in to eliminate F.g in equation (27) giving
diameter (Apti1134 in ) which has a mass, m=1325 lb.

The parachute delivers the payload to the ground at .)1  , ,(33)

26 ft/s. The size of the crushpad structure is F 1/2 + L + 1/2 L] = T (1+L) + (I+L)
limited, because of instrumentation in the base of cr A cp j
the payload and the length of the transition section
between the payload and booster, to a total surface Solve equation (33) for L and substitute it back
area of A - 80 in

2 
and length X. - 9.5 inches into equation (32) to find K.cp cp s

beyond the base. We wish to determine the maximum

4



As an example consider crushpads made of crushpads have so little energy-absozbing capacity
f - 750 psi crush-strength honeycomb. From equa- that they are fully deformed over most of the range
cr * * of subgrade modulus shown in Fig. 2.

tion (30) f = 472.8 psi. Since f > f it iscr c cr

situation 1. Equation (19) gives K = 128.7 psi/in. Next, consider the curves of constant crush
sg strength in the range Y f cf < F* r 472.8 psi.

cr cr cr

As another example suppose the crushpads are At the lower values of K K < K **' the crush-
construited of 300 psi crush-strength honeycomb. sg sg sg

f < f and it is situation 2. Substituting nu- pads act as rigid protuberances and their decelera-
cr cr tion performance is given by the curve labeled rigid

merical values into equation (33) and using the crushpad. At the intermediate values of Ks
quadratic formula gives L = 0.192.'Substituting this ** I <
value of L into equation (32) gives K**26.5 psi/in. K K KsgI the crushpads increasingly deform

sg with increasing subgrade modulus. Finally, for

values of K > K , the payload does not contact
Now let us calculate the value of K at which sg sg

sg the ground and all the energy is dissipated by de-
the 300 psi crushpads result in the payload just formation of thle crushpads. The crushpads limit

contacting the ground. Substituting numerical the o to cstant ve reads of

values into equation (25) gives Kg = 74.5 psi/in, the decelerationfic toa cnstant value regardless of

At values of Ksg greater than Ksg" the payload does sg

not contact the ground and we have situation 1. Finally, consider the curves of constant crush
strength, f > f* . For values of K < K**, the

These calculations can be summarized by the r cr sg sg

following procedure. crushpads act as rigid protuberances, and their de-
celeration performance is given by the curve labeled

1. Limiting case of rigid crushpads. rigid crushpad. For K < K* , the payload contacts

Calculate K using equation (29). the ground, and for Ks K the payload does notKg < K s

K Solve equation (27) for L and sub- impact the ground. For values of K > K thes sg stitute into equation (28) to find Ig sgto find crushpads limit the deceleration to a constant value.

the corresponding (amaIg).

K K sg: Solve equation (18) for Q and sub- The sounding rocket is launched at the White
sg s stitute into equation (14) to find Sands Missile Range in New Mexico. Soil surveys of

the corresponding (amax/g). the anticipated impact area indicate a coarse-
grained, sandy silt(

1
) which has a subgrade-modulus

2. Limiting values of subgrade modulus for specific range of 100 to 400 psi/in.(2) Fig. 2 shows that the
payload deceleration during ground impact can be

culte f sing equation (30). limited to less than 20g's by using 300 psi crush-
C cr strength honeycomb.

< f c: Solve equation (33) for L and sub-
stitute into equation (32) to Example 2, Balloon payload
obtain Ksg. Use equation (25) to

su K Balloon payloads do not have the severe size
calculate K sg ** limitations on the crushpad structure that sounding-

f > f : Use equation (19) to calculate K sg. rocket payloads do. Consequently, the maximum de-

celeration of the balloon payload during ground
3. Variation of (am X/g) with K for specific impact can be limited to a much lower value than

3. aratin ax sg that for a sounding rocket.

crush-strength honeycomb.
f < f

c
: 0,< K < K-'. Crushpads are rigid. Consider a balloon payload which has a cross-

Ks Kg Ks. Use equation (24) sectional area of 3.000 in- and which has a mass of
sg sK sg to calculate L and 1,250 lb. The crushpad area is 500 in

2 
and 12 inches

substitute into long. The parachute delivers the payload to the
equation (21) to ground at 20 ft/s.

find coiresponding Fig. 3 shows a crushpad performance map for
(a max/g) the balloon payload. The calculation procedure is

Ksg , K g Use equation (14) identical to that for the sounding-rocket payload
to calculate crush- described in example 1. It is seen that the per-

pad-limited(amax/g). formance map for the balloon compared with that of
f** the sounding-rocket is shifted to more than an

f 0 < K < K . Crushpads are rigid.
cr cr sg** sg rder-of-magnitude lower subgrade modulus. Impact

K > Ks. Use equation (14) deceleration in any but the softest of soils (K <s sg to calculate crush sgpad-limited(a cru 10 psi/in) can be limited to less than log's by

max / using 20 psi crush-strength crushpads.

Consider the curves of constant crush strength References
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of the total energy. The 100 psi crush-strength Agriculture Soil Conservation Service, Jan. 1976.
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